Glycogen storage disease type III (GSDIII) is a metabolic disorder characterized by a deficiency in the glycogen debranching enzyme, amylo-1,6-glucosidase,4-a-glucanotransferase (AGL). Patients with GSDIII commonly exhibit hypoglycemia, along with variable organ dysfunction of the liver, muscle or heart tissues. The AGL protein binds to glycogen through its C-terminal region, and possesses two separate domains for the transferase and glucosidase activities. Most causative mutations are nonsense, and how they affect the enzyme is not well understood. Here we investigated four rare missense mutations to determine the molecular basis of how they affect AGL function leading to GSDIII. The L620P mutant primarily abolishes transferase activity while the R1147G variant impairs glucosidase function. Interestingly, mutations in the carbohydrate-binding domain (CBD; G1448R and Y1445ins) are more severe in nature, leading to significant loss of all enzymatic activities and carbohydrate binding ability, as well as enhancing targeting for proteasomal degradation. This region (Y1445 -G1448R) displays virtual identity across human and bacterial species, suggesting an important role that has been conserved throughout evolution. Our results clearly indicate that inactivation of either enzymatic activity is sufficient to cause GSDIII disease and suggest that the CBD of AGL plays a major role to coordinate its functions and regulation by the ubiquitin -proteasome system.
INTRODUCTION
Glycogen storage disease type III (GSDIII; OMIM 232400) is an autosomal recessive metabolic disorder resulting from a deficiency in amylo-1,6-glucosidase,4-a-glucanotransferase (AGL), the glycogen debranching enzyme (1, 2) . Afflicted individuals present with diverse symptoms. Clinically, this disorder is characterized by fasting hypoglycemia, growth retardation and hepatomegaly. However, more severe symptoms may also include liver cirrhosis, muscular weakness and cardiomyopathy.
AGL is expressed as a single protein containing two distinct active sites for transferase and glucosidase activities (3) . During glycogenolysis, the removal of glucose-1-phosphate molecules from glycogen by phosphorylase is stalled when the enzyme encounters a branch point in glycogen four glucose residues away. To allow further glycogen degradation, the removal of this branch must be carried out by AGL. The 4-a-glucanotransferase ('transferase') activity relocates three glucose units of glycogen from one chain to another. This leaves one glucose unit at the branch point, which is subsequently released as glucose by the 1,6-glucosidase ('glucosidase') activity.
Studies using inhibitors that specifically target either activity have shown that both transferase and glucosidase function can occur independent of one another (4, 5) . Indeed, using yeast debranching enzyme as a model, the catalytic residues involved in both activities have been identified (6) .
To date, over 50 AGL mutations have been discovered in GSDIII (1, 2) . The majority of these are nonsense mutations †Present address: Wyeth Research, Cambridge, MA 02140, USA. 2045-2052 doi:10.1093/hmg/ddp128 Advance Access published on March 19, 2009 that lead to premature truncation of the protein. Among the missense variants, the G1448R mutation was the first identified (7), and is located within the carbohydrate-binding domain (CBD). We previously demonstrated that this mutant and a truncation mutant of the CBD (DCBD) are impaired in binding to carbohydrates and exhibit decreased stability owing to enhanced proteasomal-mediated degradation (8) . Interestingly, an insertional mutation (Y1445ins) in close proximity to G1448R also occurs in the disease (9) . However, whether any of these mutants are able to retain enzymatic activity in vitro was not investigated.
In this study, we characterize four rare missense mutations (L620P, R1147G, Y1445ins and G1448R) of GSDIII and determine that they alter diverse cellular functions. Detailed clinical features and genetic analyses will be described elsewhere. We discover mutants that impair either glucosidase or transferase activities without affecting the ability of AGL to bind to carbohydrates. In contrast, two mutants found in the glycogen-binding domain do exhibit enhanced proteasomal-mediated degradation, as well as significant abolishment of both activities. These results suggest that glycogen debranching requires the critical coordination of both enzymatic activities and protein stability of AGL, and that impairment of any one of these functions can lead to the development of GSDIII.
RESULTS

Functional analysis of the AGL mutants
The molecular basis of how mutations in AGL disrupt enzymatic function is not well understood. In this study, we investigated four missense mutations of GSDIII (L620P, R1147G, Y1445ins and G1448R) that are located within the three domains of AGL (Fig. 1A) . We expressed HA-tagged wildtype (WT), DCBD, and the missense variants of AGL to determine how the mutations affect its functions. Both glucosidase and transferase activities were assayed using fluorogenic substrates and the products analysed by high-performance liquid chromatography (10) . Our results demonstrate that the L620P variant exhibits a complete loss of transferase activity while retaining approximately 35% of glucosidase activity compared with WT AGL (Fig. 1B and C) . In contrast, the R1147G mutant produced negligible glucosidase activity while possessing 40% of transferase activity. Interestingly, CBD mutants (DCBD, Y1445ins and G1448R) display a severe loss (,20%) of both enzymatic functions. Similar results for glucosidase activity were obtained using glucose-b-cyclodextrin (GlcbCD) as a substrate (Supplementary Material, Fig. S1 ).
We previously demonstrated that both the G1448R variant and the DCBD mutants disrupt the ability of AGL to bind to carbohydrates (8) . We therefore expressed the AGL proteins in cells, and subjected them to pull-down assays using amylose resin to evaluate carbohydrate-binding ( Fig. 2A) . Both AGL L620P and R1147G bind to amylose as well as AGL WT. In contrast, mutations in the CBD either abolish (DCBD and G1448R) or significantly impair (Y1445ins) its ability to bind to amylose.
To further assess the effect of the mutations on binding to carbohydrates, we tested the ability of AGL variants to bind to and pellet with glycogen after high speed (100 000g) ultracentrifugation (Fig. 2B) . Compared with control lanes, addition of glycogen to AGL proteins significantly increased the percentage of AGL WT, L620P and R1147G proteins in the pelleted (P) fraction. In contrast, CBD mutants remained primarily in the supernatant (S) fraction regardless of whether glycogen was added. Measurement of transferase and glucosidase activities. Cells expressing AGL wild-type or mutants were subjected to the indicated assays. Prior to the analysis, an aliquot of the cell lysate was used to determine AGL levels for subsequent normalization of activities (all are expressed relative to wildtype protein).
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Enhanced proteasomal targeting by carbohydrate-binding domain mutants
Our previous studies also suggested that the CBD of AGL is important for regulating its stability (8) . We therefore expressed the AGL proteins in cells and then monitored their levels after treatment with the protein translation inhibitor cycloheximide (CHX). Our analysis revealed that the WT protein had a half-life of at least 8 h, whereas the mutants that disrupt glycogen binding (DCBD, Y1445ins and G1448R) exhibited a significantly shorter half-life of 3 h or less (Fig. 2C ). In contrast, the stability of AGL L620P and R1147G were comparable with that of WT. The rapid degradation of the CBD mutants strongly suggests the involvement of the ubiqutin -proteasome system. Treatment of cells with the proteasome inhibitor MG-132 had no effect on AGL WT, L620P or R1147G levels, consistent with their observed long half-life (Fig. 2D ). In contrast, the levels of the CBD mutants were significantly stabilized upon proteasomal inhibition. Taken together, this suggests that mutations in the CBD alter the stability of AGL proteins.
Ubiquitination and aggresome formation of AGL mutants
To further confirm the role of ubiquitination in the regulation of AGL, we co-expressed HA-AGL constructs together with FLAG-tagged ubiquitin (FLAG-UB) and assessed for the presence of high molecular-weight FLAG-UB conjugates in HA immunoprecipitates (Fig. 3A) . In agreement with our previous model pointing to a role for the CBD in regulating AGL stability, we found that AGL DCBD, G1448R and Y1445ins exhibited enhanced ubiquitnation compared with AGL WT proteins. Unexpectedly, however, both AGL L620P and R1147G also displayed increased ubiquitination, despite no alteration in protein stability. As controls, we confirmed that similar expression of FLAG-UB conjugates was found in total cell lysates, thus excluding the possibility that AGL WT was not ubiquitinated because of different FLAG-UB expression. Since the AGL mutants display similar ubiquitination but differing stabilities, this suggests that additional signals are required to target AGL CBD mutants towards proteasomal degradation.
In addition to protein degradation, ubiquitination serves as a signal for other processes, such as DNA repair, protein trafficking and cell signaling (11, 12) . Moreover, polyubiquitin can occur through linkages of several lysine (K) residues, the most common ones being K29, K48 and K63. Therefore, we were interested in determining the type of ubiquitin linkage that occurs with the mutant AGL proteins. We repeated the above experiment except that we utilized HA-UB mutants, containing only K29, K48 or K63 residues and assessed for ubiquitin conjugates. As shown in Figure 3C , the primary type of ubiquitin linkage observed was K29-mediated. This is interesting, considering proteasomal-mediated degradation are primarily mediated by K48 linkages. Again, this is consistent with the fact that the non-CBD mutants do not display altered stability, and that additional signals involving the CBD are required for proteasomal targeting.
Previous results have indicated that mutation of the catalytic residues in the transferase or glucosidase domains do not affect the activity of the other, suggesting that these enzymatic activities can occur separately from one another (4 -6). Since our results (Fig. 1) have indicated that the non-CBD mutants (L620P and R1147G) display diminished function of one enzymatic activity and complete loss of the other, it is possible that these AGL mutants are misfolded. It is known that misfolded proteins can undergo either the proteasomal pathway or a chaperone-mediated refolding route. In cells where the capacities of these processes are impaired, these misfolded proteins can be temporarily stored in compartments termed the 'aggresome' (13) . Indeed, we have previously shown that this is the case for the DCBD and G1448R mutants (8) .
To determine whether the same occurs for the other AGL mutants, we transfected cells and treated them in the presence or absence of MG-132. As shown, the Y1445ins mutant formed aggresomes, whereas the WT protein did not (Fig. 4A) . Upon quantification of the other mutants, we see 
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that they all formed aggresomes (Fig. 4B) , consistent with them all being ubiquitinated.
DISCUSSION
To date, only a handful of point mutants of AGL have been identified in GSDIII (1,2). We have fortuitously analyzed four mutants that are found in the three major domains of AGL. The L620P mutant located in the transferase domain specifically abolishes transferase activity while retaining significant glucosidase function. On the other hand, the R1147G mutant in the glucosidase domain exhibits the reverse phenotype. Moreover, the selective loss of glucosidase or transferase activity in these cases may provide the first molecular basis for the specific GSDIIIc and GSDIIId subtypes, respectively (14, 15) .
Interestingly, the CBD mutants (Y1445ins and G1448R) are more severe in nature, leading to significant abolishment of both enzymatic activities, loss of carbohydrate-binding ability as well as enhanced targeting for proteasomal degradation. This suggests that this region/domain may have additional crucial functions. We would like to present this as a new subtype (GSDIIIe). In this case, mutations in the CBD prevent AGL from binding to glycogen, leading to complete loss of both transferase and glucosidase activity.
Sequence alignment of the mammalian AGL proteins reveals over 80% identity throughout the protein, and thus is not entirely informative (data not shown). We then decided to perform a sequence alignment between human, yeast and bacterial species to obtain further insight ( Supplementary  Material, Fig. S2 ). Limited homology exists within the first 1000 amino acids of human AGL compared with other species. Both L620 and R1147 are conserved in humans and yeast but not the bacterial species. However, considerable homology (and identity in some regions) is seen in the remaining region, primarily encompassing the CBD (Fig. 5) . For example, in the region where the two CBD mutants are found (1445-YHQ/NG-1448), virtual identity has been conserved in these diverse organisms. This strongly suggests that this region serves an important purpose that has been conserved throughout evolution. Theoretical modeling analysis coupled with the Protein Homology/analogY Recognition Engine (16) indicates that this stretch of amino acids is embedded within the structure, and that the Y1445ins or G1448R mutations likely disrupt and open-up the structure (data not shown). Future structure -function analysis will shed more light on the importance of this region and may help us understand the regulation of AGL as well as other glycogen-associated enzymes and their dysregulation in their respective genetic diseases.
MATERIALS AND METHODS
Reagents and plasmids
Protein A/G agarose and antibodies against HA were from Santa Cruz Biotechnology (Santa Cruz). Anti-FLAG antibodies and anti-FLAG (M2) agarose beads were from Sigma (St Louis, MO, USA). The proteasomal inhibitor MG132 was purchased from EMD Biosciences (San Diego, CA, USA). Constructs for FLAG-Ubiquitin, HA-AGL WT, DCBD and G1448R mutants have been previously described (8) . The additional missense mutations (L620P, R1147G and Y1445ins) were generated using the Stratagene Quickchange site-directed mutagenesis kit (La Jolla, CA, USA). All constructs were verified by DNA sequencing.
Cell culture and transfection
CV-1 origin, SV40 cells were grown in Dulbecco's Modified Eagle's Medium (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (Invitrogen). CV-1 origin, SV40 cells were transfected with FUGENE 6 (Roche) according to the manufacturer's instructions. 
Preparation of cell lysates and immunoblotting
For isolation of total cell lysates, cells were washed twice in ice-cold phosphate-buffered saline, and then scraped in lysis buffer [50 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM Na 3 VO 4 , 10 mM NaF and Complete ethylene diamine tetraacetic acid (EDTA)-free protease inhibitor]. The lysates were rocked end-over-end for 15 min at 48C and then clarified by centrifugation at 14 000g for 10 min.
Glycogen-pelleting experiments were performed as previously described with minor modifications (17) . Briefly, cells lysates were obtained as above and then incubated in the presence or absence of 5 mg/ml glycogen at 48C for 30 min. After ultracentifugation at 100 000g for 90 min, supernatant (S) and pellet (P) fractions were obtained and the pellet was solubilized in lysis buffer by rotating end-over-end for 15 min. The lysates were then cleared one more time at 14 000g to remove unwanted debris.
Denaturing immunoprecipitations were performed as previously described with minor modifications (8, 18) . Briefly, cells were lysed in denaturing buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton, 1% SDS, 1 mM Na 3 VO 4 , 10 mM NaF and Complete EDTA-free protease inhibitor) and boiled for 10 min. Lysates were diluted 1:10 with the same buffer without SDS and incubated with the appropriate antibody/ Protein A/G agarose beads for 2 h rotating at 48C. Immunoprecipitates were extensively washed in lysis buffer (without SDS) and proteins were eluted at 958C in SDS loading buffer, separated by SDS -PAGE and transferred to nitrocellulose.
Confocal fluorescence microscopy
Immunofluorescence studies were performed as previously described (19) . Cells were grown on glass coverslips in 6-or 12-well dishes. Following the fixation with 10% formalin for 20 min, cells were permeabilized with 0.5% Triton X-100 for 5 min and then blocked with 1% bovine serum albumin, 1% ovalbumin and 2% goat serum for 1 h. For some experiments, methanol fixation at 2208C for 10 min was performed. Coverslips were incubated with primary and Alexa Fluor secondary antibodies in blocking solution and Determination of glucosidase and transferase activities using fluorogenic substrates
The glucosidase and transferase activities of AGL proteins were determined using fluorogenic substrates as follows. A Wakosil-II 5C18 HG column (4.6 Â 150 cm) was purchased from Wako Pure Chemicals (Osaka, Japan). Glca1-4Glca1-4Glca1-4Glca1-4(Glca1-4Glca1-4Glca1-4Glca1-6)Glca1-4Glca1-4Glca1-4GlcPA (B4/84) and Glca1-4Glca1-4Glca1-4Glca1-4(Glca1-6)Glca1-4Glca1-4GlcPA (B3/71) were prepared as described previously (10, 20) . Aliquots of cell homogenates were centrifuged and 5 ml of the resulting supernatants were dissolved to 195 ml of 5 mM sodium maleate buffer (pH 6.0) containing 0.005% gelatin, 0.5 mM EDTA and 1.0 mM b-mercaptoethanol and the solutions were used as AGL preparations.
4-a-Glucanotransferase assay was carried out using B4/84 and maltohexaose as the donor substrate and the acceptor substrate, respectively (21). 4-a-Glucanotransferase removes maltotriosyl residue from the branch of B4/84 to transfer to the non-reducing-end glucosyl residue of maltohexaose. Thus, the products are maltononaose, the transfer product and fluorogenic B4/81. Some of B4/84 liberated is further hydrolyzed to PA-maltooctaose (G8PA) when glycogen debranching enzyme (GDE) preparation has an amylo-a-1,6-glucosidase activity. Thus, the activity of 4-a-glucanotransferase was calculated from the total amounts of the fluorogenic products, 6 5 -O-aglucosyl-PA maltooctaose and G8PA.
A mixture of B4/84 (3 mmol) and maltohexaose (1.0 mM) was incubated at 378C for 5 min with 5 ml of each GDE preparation in 30 ml of 50 mM sodium maleate buffer (pH 6.0) containing 0.05% gelatin, 5 mM EDTA and 10 mM b-mercaptoethanol. To stop the enzymatic reaction, 200 ml of 0.1 M acetic acid was added to the reaction mixture, and the mixture was heated at 1008C for 5 min. The fluorogenic products, B4/81 and G8PA, in the enzymatic reaction mixtures were separated and quantified by high-performance liquid chromatography (HPLC).
Amylo-a-1,6-Glucosidase assay was done using B3/71 as the substrate. Amylo-a-1,6-glucosidase hydrolyzes B3/71 to glucose and PA-maltoheptaose (G7PA) (21) . The activity was calculated from the amount of G7PA. B3/71 (3 mM) was incubated at 378C for 5 min with 5 ml of each GDE preparation in 30 ml of 50 mM sodium maleate buffer (pH 6.0) containing 0.05% gelatin, 5 mM EDTA and 10 mM b-mercaptoethanol. To the enzymatic reaction mixture, 200 ml of 0.1 M acetic acid was added and the mixture was heated at 1008C for 5 min. G7PA was separated and quantified by HPLC.
HPLC: the column used was a Wakosil-II 5C18 HG column (4.6 Â 150 mm), and the elution buffer was 0.05 M ammonium acetate buffer of pH 4.3 containing 0.1% 1-butanol at a flow rate of 1.3 ml/min. The elution was monitored by measuring the fluorescence (excitation wavelength, 320 nm; emission wavelength, 400 nm).
